BACKGROUND. Studies of very preterm infants have demonstrated impairments in multiple neurocognitive domains. We hypothesized that neuromotor and executive-function deficits may independently contribute to school failure.
T HERE IS MUCH public and professional concern over the long-term sequelae associated with survival at extremely low gestational ages (Ͻ26 weeks). We reported overall disability rates for a geographically defined cohort of such infants born in 1995 at 30 months of age 1 and at 6 years. 2 At the latter age, comparison of outcome was referenced to the performance of contemporary classmates. The most common disability was cognitive impairment and when the results of testing were categorized by the results of the contemporary peer comparison group, the rates of disability rose such that 46% were in the severe/moderate group (IQ scores less than Ϫ2 SD of the comparison group) and am additional 34% were mildly impaired (scores Ϫ1 SD to Ϫ2 SD of comparison group).
Motor impairments have long been recognized in preterm children without cerebral palsy. 3 Much of the motor impairment relates to poor performance in relation to the low cognitive scores generally found in preterm children, 4 but it has been suggested that motor and other neuropsychological problems may also occur independently of cognitive impairment in very low birth weight children. 5 The contribution of primary motor problems to the totality of impairment in extremely preterm (EP) infants without cerebral palsy is unclear.
Executive functions are broadly synonymous with function of the prefrontal cortex of the brain and supporting loops 6 but may be variously interpreted as functions needed to achieve goal directed behavior. Evaluation of such areas may, therefore, be useful in attempting to unravel the causes of poor motor function in preterm children.
In this article we report the results from a range of motor and executive tasks and evaluate the contribution of these areas to impairment at early school age for a cohort of EP children in mainstream education, to determine whether these problems provide additional morbidity for the EP child in daily life. We hypothesized that differences in motor and neuropsychological scores between preterm and comparison children would be independent of overall cognitive performance and lead to poorer school performance than explained by cognitive test score alone.
METHODS

Study Subjects
We identified all children born at Յ25 weeks 6 days of gestation in the United Kingdom and Ireland from March through December 1995. 7 Of the 308 children that were known to be alive at 30 months of age, all had survived to 6 years; 15 of these children were living outside the United Kingdom or Ireland. Of the remaining 293 children, 241 (78% survivors) participated in this study at a median age of 76 months (range: 62-68 months); 34 were being educated at schools for children with special needs, 3 in a special needs class attached to a mainstream school, and 204 in a mainstream school class. Of these 204, 180 had no significant neurologic abnormality (cerebral palsy or hypotonia resulting in reduced mobility). One hundred sixty children acted as classmate comparisons as described previously, 2 were not included in this analysis because we were unable to obtain a full test profile as described here. 2 All parents gave written informed consent, and the study was approved by the Trent Multicenter Research Ethics Committee and the local education authorities in Scotland.
Assessment
The children in mainstream school or attached units were evaluated by using clinical and neuropsychological assessments. Seven experienced developmental pediatricians and 8 psychologists performed the assessments, after reaching the required level of competence (Ͼ80% agreement with independent observer for video-recorded tasks). The assessors were unaware of the neonatal courses of the children they evaluated and were not informed which children were preterm and which were controls.
Formal cognitive assessment for all children was made by the psychologist using the Kaufman Assessment Battery for Children (K-ABC). 8 Only 4 children without cerebral palsy in mainstream school could not be assessed with the K-ABC. Four scales were reported: mental processing composite (general cognitive ability), simultaneous processing, sequential processing, and achievement scales. Furthermore, we obtained information about school achievement from each child's class teacher and derived a Teacher's Academic Achievement Scale. 9 Motor function was assessed by the clinicians using 3 items from the Movement Assessment Battery for Children (ABC): time to post 12 coins; heel-toe walking (15 steps), and 1-leg balance (Ͼ20 seconds). 10 Each item from the Movement ABC may also be scored from 0 to 5 in 1/2-point increments.
Additional information about motor/executive function was derived from the administration of items selected from 3 domains of the neuropsychological battery, NEPSY: sensorimotor, visuospatial and attention-executive. 11 In this test standardized scores can be derived from core items, to which may be added supplemental items to derive additional information about performance in these domains. Overall core domain scores, individual item scaled scores or percentile rankings (presented in 5 groups) are reported as appropriate. We administered:
• Three visuospatial domain items: design copying, which assesses visuomotor integration by copying 2-dimensional figures on paper; arrows in which children are asked to judge line orientation and direction (scores of both are summed to produce a core domain score); and route finding, which evaluates understanding of visuospatial relationships and directionality.
• Four sensorimotor domain items: fingertip tapping, which assesses finger dexterity in simple and complex movements; imitating hand postures, in which the child has to reproduce a hand position made by the examiner without assistance from the contralateral hand; visuomotor precision where the child draws inside 3 consecutively narrower tracks without overwriting the outer lines (all 3 summed for the core domain score); and finger discrimination, which assesses the child's ability to perceive sensory stimuli without visual clues.
• Four attention-executive items: the "tower," which assesses planning, monitoring, self-regulation, and problem solving; visual attention, which assesses speed and accuracy in scanning an array of images and locating a target (these 2 scales form part of the core domain score); and we administered "statue," where inhibition and motor persistence are evaluated during a 75-second period standing with eyes, as a measure of ability to inhibit response to distracters; and "knock and tap," which evaluates self-regulation and ability to inhibit immediate impulses when presented with conflicting visual and verbal directions. The latter 2 scales were included as specific measures of attention, given that this is the most common area of executive problem reported in this group. The visual attention scale comprises 3 arrays, the third of which (matching 1 of 2 target faces) was abandoned because children found this too difficult and rapidly lost interest despite it being considered an age-appropriate task. Thus, in this domain, we only administered 2 of 3 core domain items (the third, auditory discrimination, was evaluated as part of a separate language assessment not reported here), and we calculated a composite measure, scaled to 100, which was used in the factor analysis.
Each child received a full neurologic assessment, 2 including the 2 tests of neurologic performance described by Fog and Fog. 12 The preferred hand was identified by asking the child to perform 7 actions on 2 occasions (picking up a block, using a spoon, placing a brick on a tower, using a pencil, using a crayon, pointing to a picture, and throwing a ball). These results were reduced to a score of right-handedness by dividing the number of times the right hand was preferred by 14. This score ranged from 0 (all performed with the left hand) to 1 (all with the right), and scores of 0.5 to 1 were classified as the preferred hand being the right, the remainder as nonright.
We classified children into 4 functional groups of disability as described previously. 2 Cerebral palsy was classified independently of the degree of disability; this classification was made retrospectively at the completion of the study according to the description of functions for each limb 13 by 2 assessors.
Statistical Analysis
Data collected on standardized forms were encoded for computer analysis with SPSS 11.0.0 for Windows (SPSS, Chicago, IL). The assessment data for each child were examined before the data were combined with the previous main study data set for analysis. Comparisons were made by using nonparametric statistics, where appropriate. Multiple regression was used to estimate independent effects. The iterated principal factor method was used to calculate the factors. Stata 9 (StataCorp, College Station, TX) was used for the final analyses.
RESULTS
EP children receiving separate special education and children who had signs of cerebral palsy were excluded from this analysis because we intended to study motor and executive function for children without overt neurologic problems in relation to their peers; these comprised 180 EP children and 158 comparison children who completed most of the tests. A few EP children for various reasons were unable to take individual tests; 4 children were unable to complete the K-ABC subtests but did complete some (n ϭ 2) or all (n ϭ 2) of the tests discussed in this article. The results for these children were entered as missing values in the relevant analyses; no substitutions were made. The gestational age, gender, plurality, and birth weight of the children included in this analysis are shown in Table 1 . 
Motor Tasks
For each Movement ABC item, the median item score for the EP children was higher, denoting greater impairment, than for the comparison group ( Table 2 ). The distribution of posting times in control children was skewed toward those who perform less well; that is, those with longer times. For the preferred hand, although the modal value (19 seconds) was the same in both groups, it was also the median value for comparison children, whereas only 25% of the EP children were faster than 19 seconds (Fig 1) . There are highly significant differences between the medians for each measure, and highly significant differences between the variances ( Table 2 ). The differences at the upper quartile (faster posting) are less than the difference between the lower quartile, and the differences are even more extreme at the 90th centile. Figure 2A and B shows the nonnormality of the data for the 1-leg standing raw scores. In both groups, the modal value is 20 (maximum), but there is a very different distribution for the scores of EP children.
The distributions of heel-toe walking raw scores show similar effects ( Fig 2C) . The medians and quartiles differ significantly as do the variances ( Table 2 ). The less extreme P value for the difference in variance for posting may be an arithmetic artifact because the data are more symmetrical in the EP children in contrast to the control children.
After adjustment for cognitive scores, the difference in means reduced to 1.7 seconds (95% confidence interval [CI]: 0.6 to 2.9) for the preferred hand and 1.7 seconds (95% CI: 0.1 to 3.4) for the nonpreferred hand. The difference in mean posting score remained significant (0.5 [95% CI: 0.2 to 0.9]), whereas the means of the difference between the slowest and fastest hand did not.
Neuropsychological Tests
Items from 3 scales of the NEPSY battery were administered as described; core domain scores were more normally distributed than movement ABC task scores (Fig   3) as would be expected. Among EP children, visuospatial core domain scores (derived from design copying and arrows items) were, on average, 20.1 points (95% CI: 17.3 to 22.9) lower than for those for the comparison children, equivalent to a reduction in SD score in the comparison group of 1.6 SD (Table 3) . After adjustment for cognitive scores, this difference became 9.4 points (95% CI: 6.7 to 12.1) or 0.76 SD comp lower. Median (quartile) scaled scores for the EP group were significantly lower than those of the comparison group (Table  4) .
Sensorimotor core domain scores were reduced in the EP group by 15.5 points (95% CI: 12.2 to 18.8) or 1.1 SD comp , and this difference remained significant after adjustment for overall cognitive score (7.2 points [95% CI: 12.2 to 18.8] or 0.5 SD comp ). Small but significant differences were noted in the sequential fingertip tapping task and in imitating hand postures with lower scaled scores for EP children (Table 4) .
Scaled scores for the 2 core visual attention items (tower and visual attention) were lower in EP children than controls ( ]) but more omission errors (P ϭ .008 and P Ͻ .001, respectively) and demonstrated more off-task behavior (P ϭ .001; Appendix 1). In a similar fashion on the visuomotor precision task (sensorimotor domain), and despite taking similar times to complete each of the 3 increasingly narrow pencil trails, EP children consistently made more errors (crossed the trail lines) than comparison children (P ϭ .002; P Ͻ .001; P Ͻ .001, respectively; see Appendix 2).
The percentile rank scores for the 5 supplemental items are shown in Appendix 3. On each task, the rankings of the EP group denote more impaired performance Values are presented as median (interquartile range). a Mann-Whitney U test with adjustment for ties. b Bartlett's test for equal variances.
than comparison children (P Ͻ .001 for each comparison).
Hand Preferences
The distribution of hand preferences among the EP children was significantly more nonright than in the comparison children (Fig 4; Mann-Whitney U test; P Ͻ .001). Ten percent of the comparison group showed nonright preference compared with 28% of the EP children, but there were no differences in the distribution of preferences for boys or girls within each group. The hand-preference score was linearly related to cognitive development in the EP group (r ϭ .17; P ϭ .02); the stronger the right preference, the better the score, equivalent to 6 points (95% CI: 0.8 to 11) over the whole scale. In contrast, the effect in the comparison children was not significant. Different effects were seen when visuospatial and sensorimotor core domain scores were evaluated. For the children in the EP group, there was no relation, but for comparison children visuospatial scores were positively related to hand-preference scores (r ϭ .22; P ϭ .007; equivalent to 11 points [95% CI: 3.2 to 20]). To investigate the effect of having a more complete preference for either the left or the right hand, the fully left-or right-handed were given a score of 1, whereas those who had equal preferences for left and right were given a score of 0, and the remainder proportionally in between. Only sensorimotor scores in the comparison children were affected by this so that the fully right-or left-handed had a mean 12-point advantage (95% CI: Ϫ0.2 to 24; P ϭ .053) compared with those who chose the left and the right hand equally. ; P Ͻ .001), and mirror movements were observed more frequently during fingertip tapping (46% v 32%; P ϭ .01); in contrast, similar proportions of EP and comparison children used the contralateral hand as an aid during the imitating hand postures (72% vs 62%; P ϭ .5).
Neurologic Observations
On neurologic assessment, spontaneous abnormal movements were rarely seen (EP: 2 children; comparison: no children). In the Romberg position, 91% of the comparison children still had no involuntary movements, and 9% had distal movements with eyes closed. In contrast, 32% of the EP children showed involuntary movements, 11 (6%) with eyes open and 45 children (26%) during eye closure (P Ͻ .001; trend 2 ). We specifically sought overflow movements using the 2 tests of Fog and Fog. 12 On lateral foot standing, only 50% of EP children (87 of 173) had no involuntary dystonic movements compared with 77% (119 of 155) of comparison children. For 13 EP children, lateral foot standing caused postural loss (12 with internal and 1 with external arm rotation) compared with 2 comparison children (1%). The differences in distribution of these signs was significant (P Ͻ .001; trend 2 ). On the manual task (compression of a sprung paper clip), flexor or extensor mirror movements were found more commonly whether compression was with the right (P Ͻ .001) or left hand (P ϭ .04), respectively.
Gender Differences
Among the comparison children boys performed less well than girls on 1-leg standing (right leg: P ϭ .006; left leg: P ϭ .60), but in other areas there were no significant differences (sensorimotor: mean difference: 2.6 [P ϭ .26], visuospatial: 0.5 [P ϭ .82]). In contras, EP boys performed significantly worse on all measures except the visuospatial score where scores were 3.2 points (Ϫ0.7 to 7.0) below those of girls. In the posting task, the boy-girl difference between preferred and nonpreferred hands was also 0 (Tables 2 and 3) .
Interrelationships Between Functions
In the comparison group, visuospatial and sensorimotor scores were highly associated with overall cognitive function (r ϭ 0.53 and 0.33, respectively; both P Ͻ .001). The association was higher in the EP group for both (r ϭ 0.70 and 0.49, respectively; both P Ͻ .001). For the comparison group, there were no gender differences in cognitive scores; in contrast, EP boys had sig- nificantly lower mean cognitive scores than EP girls, in keeping with the findings for the whole cohort. 2 The effect of the child's gender on NEPSY scores in the EP group becomes weaker after adjusting for cognitive scores, reducing the differences by approximately a half (Table 3) . Of the significant predictors of NEPSY scores in regression, the models with the best fit had independent effects of cognitive score, male gender and being EP ( Table 3) . The best statistical model for these 2 scores was described by independent effects of cognitive score and male gender (either control or EP child) rather than an effect only of gender seen only in the EP children.
The sample size is too small after the exclusion of children receiving special education to detect an effect of gestational age over the range of gestations in the EP children as most were born at 25 weeks' gestation, and only 14 of those in this analysis were born at 23 weeks' gestation or earlier. There were no significant effects of gestation either in univariate analysis or after adjustment for cognitive scores.
Children were rated by teachers on a range of performance items to derive a total teachers' academic achievement score, 9 which provided a composite functional measure of the child's performance in the classroom and ranged from 1 to 5. In univariate analyses, overall cognitive function and visuospatial scores were equally good predictors of total academic achievement score, accounting for 45% and 44% of the variance respectively. Combined heel and leg items accounted for 33% of the variance and sensorimotor scores 27%. In multivariate analyses, cognitive function and visuospatial scores together accounted for 50% of the variance, whereas the addition of the motor items only accounted for a additional 2.6%. Note that some values were missing for visuospatial scores (18 EP and 9 comparison) and total academic achievement score (29 EP and 13 comparison). Investigation showed only small differences in the cognitive scores and motor scores between those with and without data. Using stepwise linear regression to determine the relative importance of the motor performance measures and cognitive performance in determining classroom function, 4 variables were found to explain 53% of the variance in teachers' scores. The independent regression coefficients for an increase of 1 SD (calculated from the comparison group) in the predictor variables: overall cognitive function: 0.19 (95% CI: 0.11 to 0.27; P Ͻ .001), visuospatial score: 0.16 (95% CI: 0.08 to 0.24; P Ͻ .001), heel walking item score: Ϫ0.07 (95% CI: Ϫ0.13 to Ϫ0.02; P ϭ .01), and 1-leg standing item score Ϫ0.08 (95% CI: Ϫ0.15 to Ϫ0.02; P ϭ .01). Note that higher scores in the last 2 variables denote worse performance. Adding EP status into the model explained a additional 1.2% of the variance (regression coefficient: Ϫ0.22 [95% CI: Ϫ0.38 to Ϫ.06; P ϭ .01]), whereas reducing only slightly the magnitude of the other coefficients. Being male was marginally significant in the EP group but not in the comparison group.
The 24 EP children with cerebral palsy in mainstream school had worse outcomes than the other EP children for all measures considered here (Table 5 ) although the differences for cognitive score, visuospatial, attentionexecutive, and total academic achievement scores were only marginally different from other EP children after adjustment for their cognitive or sensorimotor scores.
In a factor analysis of the cognitive and NEPSY scores, both EP and comparison groups were substantially described by 2 factors, of which the first was the most dominant. Restricting the analysis to 2 factors the first had positive values for cognitive, visuospatial and sensorimotor scores. In the EP children there was also a large positive contribution from the restricted attentionexecutive score, which was not observed in the comparison children. The second factor had positive contributions from attention-executive (but in the EP group smaller than in the first factor) and sensorimotor scores, and smaller and differing contributions from the other 2 variables (Table 6 ).
DISCUSSION
Compared with classmates, we have demonstrated that EP children without cerebral palsy have high prevalences of impairment in visuospatial, perceptuomotor, attention-executive, and gross motor function at early school age. These deficits are greater than would be expected given the cognitive deficit we reported in this population. 2 In each area, approximately half the deficit in motor skills or executive function was not accounted for by impairment in the cognitive score. It is likely, therefore, that motor and executive-function difficulties make an important additional contribution to the child's performance reported by teachers in the class setting.
The presence of motor difficulties in very low birth weight and preterm infants is well described. 3 But even after excluding those with a diagnosis of cerebral palsy or those in a special school who will have poorer motor function than those analyzed, the deficit covers all areas tested and usually amounts to Ͼ1 SD of standardized tests. It is thus likely to be clinically important. 14 Given the broad areas of difference between the EP children and their classmates over the range of functions examined it would seem that the summative epithet "poor motor skills" is likely to have a range of underlying etiologic pathways.
The core domain score for visuospatial performance was commonly the strongest independent variable in multivariate analysis. This domain comprises tests of visuomotor orientation, judgment, directionality and integration, which are key areas of performance in overall motor skills. Several studies have used the Beery test of Visuomotor Integration, which bears close similarities to the design-copying task in NEPSY. Those studies have identified deficits in visuomotor integration in populations of more mature very low birth weight infants. The deficit in visuospatial performance has implications beyond pencil skills and design concepts, because it indicates poor spatial judgment, poor concepts of orientation and directionality 11 in significant numbers of EP children denoting important perceptual deficits. Additional impairment may arise from the deficits in manual dexterity, precision and sensory discrimination that are seen the sensorimotor domain.
The qualitative observations made alongside the test Comparisons were made by using the Mann-Whitney U test.
items indicate that EP children spend longer time periods on tasks and have greater difficulty inhibiting associated movements and providing secure postural basis for activities. We have demonstrated this by observation during the test administration and by formal standardized examination. 12 We were surprised that as many as 7% EP children lost postural control, for example on lateral foot standing (compared with 1% of comparison children). However, it should also be noted that significant numbers of comparison children exhibited off-task behavior (17% vs 25%), mirror movements (32% vs 46%) and overflow movements (45% vs 69%), such that although the quantum of abnormal neurology was higher among the EP children, its presence was not specific to that group. The below standard test norm performance in the sensorimotor tasks by the comparison children may indicate a general shift to poorer sensorimotor coordination in children noted by others. 15 "Soft" neurologic signs were more frequently in children who were of very low birth weight, 16 and we have shown previously that there is a strong relationship between these signs at 6 years and performance on the Test of Motor Impairment, the predecessor to the Movement ABC. 17 In this analysis, EP boys fared worse than girls, which is a recurring theme in this population where boys have higher mortality and neonatal morbidity, 7 perform less well over the first 30 months 1 and have more disability and poorer cognitive scores at this assessment than girls. 2 Much of the gender difference in motor and executive scores could be explained by the boys' poorer overall cognitive scores, but there remained a statistically significant effect after adjustment, both overall and when restricted to the EP group. These data are more consistent with a real worsening of these scores in EP boys at school. Where there is a difference in sensorimotor scores between the genders, after adjustment for overall cognitive scores, our data are equally consistent with either a general worsening of scores in boys or with the detrimental effect of extreme prematurity being particularly prevalent in boys.
In a factor analysis of very low birth weight infants in Northern Germany who had comprehensive assessments, 2 principal components were found, both positively associated with cognitive function/language and motor performance; 5 the first and strongest component was more strongly associated with the cognitive/language function and the second with motor performance, and in children with no apparent problems the second factor was barely associated with cognitive/language function.
The tests and scales in our data are different, but we looked to see whether there were similar factors, separately for the EP and control children. For the comparison children, the results were consistent in this and the German data. The primary factor was similar in both of our study groups, in that it was strongly associated with motor tests, visuospatial scores, and cognitive function, whereas the secondary factor were related somewhat to motor function and visuospatial function but not cognitive function. The secondary factors in the comparison children were not easy to interpret, and did not seem to be related to motor function. Interestingly, in both the German children and in our comparison children, a measure of concentration (Frankfurt test of concentration or attention-executive score, respectively) had a much reduced association with the primary factor, whereas it was more strongly associated with the primary factor in with the EP children in this study and in an intermediate fashion for the German children with cerebral palsy. This is because attention-executive scores in this study are positively associated with the other measures in the EP children but not the controls. It could be suggested that in normal children of 6 years development of visuospatial, motor and cognitive skills are highly correlated and relatively independent of their ability to concentrate, whereas in EP children either the ability to concentrate is damaged at the same time as their cognitive and motor skills, or in these vulnerable children poorer attention-executive scores makes it less likely that they will achieve higher scores for these outcomes.
Laterality of hand function in this population is affected by EP birth. The proportion of children with nonright lateralization is high in the preterm group. The excess of nonright lateralization is comparable to previous findings in very low birth weight children, [18] [19] [20] [21] [22] and may represent poor neurologic organization as a result of poor postnatal brain growth found in this 23 and in other populations. 24, 25 The degree of nonright lateralization is associated with cognitive and visuospatial performance in the EP children, but less so in the comparison children. There is less evidence to suggest that it is associated with motor performance in either group, and no evidence that it is associated with attention-executive scores. Effects shown in previous studies have been inconsistent. 18, 20, 22 In this study we have excluded those with neurologic problems, who have an even higher prevalence of non-right-hand preference 20 and, therefore, a closer relationship to poor cognitive or motor performance.
The overwhelming impression is one of children with a global reduction in ability both in terms of general cognitive performance and specific motor or executive tasks, whether perception, processing or execution of tasks are considered. This conclusion supports that of Anderson and colleagues who examined a geographically based cohort of very preterm or extremely low birth weight children at 8 to 9 years with a similar breadth of tests 26 and more recently those of Bohm et al, 27 who evaluated NEPSY results in very low birth weight children at 5 years. Similar findings were observed in a more heterogeneous group of very low birth weight children at 5 1/2 years in the children who had been smallest at birth. 28 Other studies have demonstrated, for example, spatial working memory deficits, 29 and planning, sequencing and inhibition impairments 30 at around 4 years of age in small groups of preterm populations as part of focused assessment which fail to demonstrate the more global impairment identified here.
CONCLUSIONS
Our study confirms that impairments in both simple motor skills and more complex visuospatial and perceptuomotor ability are highly prevalent in his large study of EP infants. These impairments contribute additional morbidity to the cognitive morbidity that we have described previously. 31 The tests of attention-executive function described in these children evaluate the areas of planning, self-regulation, visual search accuracy, inhibition, and motor persistence. In parallel to the visuospatial and sensorimotor difficulties described, impairments in these areas also contribute to the totality of morbidity. Future analysis will have to determine whether specific learning difficulties such as in language or behavioral and social difficulties 32 are important additional predictors of school achievement. Although these motor difficulties provide only a relatively small extra contribution to total school achievement, they provide an area of performance that may be amenable to successful intervention or therapy. Values are either mean (95% CI of mean) times to complete tasks or the number (percentage) of children performing within each centile range of the standardization population. Test descriptions: 11th to 25th centile: borderline; 3rd to 10th centile: below expected; Ͻ2nd centile: well below expected.
